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ABSTRACT
Numerical Study of High Temperature Heat Exchanger and Decomposer for
Hydrogen Production
by
Valery Ivanovich Ponyavin
Dr. Yitung Chen, Examination Committee Chair 
Associate Professor o f Department o f Mechanical Engineering 
University o f Nevada, Las Vegas
This dissertation deals with three-dimensional computational modeling o f a high 
temperature heat exchanger and decomposer for hydrogen production based on sulfur- 
iodine thermochemical water splitting cycle, a candidate cycle in the U.S. Department of 
Energy Nuclear Hydrogen Initiative. The conceptual design o f the shell and plate 
decomposer is developed by Ceramatec, Inc. The hot helium from a nuclear reactor 
(T=975°C) is used to heat the SI (sulfuric acid) feed components (H2O, H2 SO4 , SO3) to 
get appropriate conditions for the SI decomposition reaction (T>850°C). The inner wall 
o f the SI decomposition part o f the decomposer is coated by a catalyst for chemical 
decomposition o f sulfur trioxide into sulfur dioxide and oxygen. The proposed material 
o f the heat exchanger and decomposer is silicon carbide (SiC).
According to the literature review, there is no detailed information in available 
publications concerning the use o f this type o f decomposer in the sulfur-iodine 
thermochemical water splitting cycle. There is an urgent need for developing models to 
provide this information for industry. In the present study, the detailed three-dimensional
iii
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analysis on fluid flow, heat transfer and chemical reaction o f the decomposer have been 
completed. The computational model was validated by comparisons with experimental 
and calculation results from other researchers.
Several new designs o f the decomposer plates have been proposed and evaluated to 
improve the uniformity o f fluid flow distribution in the decomposer. To enhance the 
thermal efficiency of the decomposer, several alternative geometries o f the internal 
channels such as ribbed ground channels, hexagonal channels, and diamond-shaped 
channels are proposed and examined. It was found that it is possible to increase the 
thermal efficiency of the decomposer from 89.5% (baseline design) up to 95.9% 
(diamond-shaped channel design).
The calculated molar sulfur trioxide decomposition percentage for the baseline design 
is 64%. The percentage can be increased significantly by reducing reactants mass flow 
rate and with increasing channel length and operation pressure. The highest 
decomposition percentage (-80% ) for the alternative designs was obtained in the 
diamond-shaped channels case.
The sulfur dioxide production (throughput) increases as the total mass flow rate of 
reacting flow increases, regardless o f the fact that the decomposition percentage of 
sulfuric trioxide decreases as total mass flow rate o f reacting flow increases.
IV
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CHAPTER 1
INTRODUCTION AND LITERATURE SURVEY
1.1. Introduction
Hydrogen offers significant promise as a future energy technology, particularly for 
the transportation sector. The use o f hydrogen in transportation would reduce U.S. 
dependence on foreign sources o f petroleum, enhancing our national security. Significant 
progress in hydrogen combustion engines and fuels cells is bringing hydrogen-powered 
transportation closer to reality.
The primary challenge to the increased use o f hydrogen as part o f the nation’s overall 
energy infrastructure is the cost associated with its production, storage and delivery. 
Hydrogen is the most common element in the universe and can be produced from readily 
available sources such as methane and water. However, existing hydrogen production 
methods are either inefficient or produce greenhouse gases. Nuclear energy has the 
potential to efficiently produce large quantities o f hydrogen without producing 
greenhouse gases, and hence to play a significant role in hydrogen production.
There are three major ways o f producing hydrogen from water: electrolysis, 
thermochemical water splitting, and high-temperature electrolysis or hybrid electrolysis- 
thermochemical water-splitting. Splitting water through the thermochemical process 
offers the potential for clean, efficient and cost effective large-scale production of 
hydrogen. In addition, the separation o f water into hydrogen and oxygen using
1
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thermochemical water splitting cycles would occur at a much lower temperature than a 
direct decomposition of water, which needs a temperature above, 2500°C.
Thermochemical water-splitting is the conversion of water into hydrogen and oxygen 
by a series o f thermally driven chemical reactions. Energy, as heat, is input to a 
themochemical cycle via one or more endothermie high temperature chemical reactions. 
Heat is rejected via one or more exothermic low temperature reactions. All the reactants, 
other than water, are regenerated and recycled. Among different thermochemical water 
splitting cycles, the sulfur-iodine cycle is a prime candidate, as it offers a highly efficient 
process that can be achieved under practical reaction environments which helps to keep 
the final cost o f hydrogen down. The sulfur-iodine (S-I) cycle was developed at General 
Atomics in the mid 1970s and different reactions involved in the cycle are shown below 
(Huang and T-Raissi [ 1 ]):
/ ,  + SO^ + 2 H f i  -4 . 2H I + H^SO^ (120°C) (Exothermic) (1.1)
H ,SO , -> H ,0  + SO, +112 0 ,  (850°C) (Endothermie) (1.2)
2 H I I ,+  H , (450°C) (Endothermie) (1.3)
Net Re action : H ,0  —> H , + I p O ,  (1.4)
In this cycle, iodine and sulfur dioxide are added to water, forming hydrogen iodide 
and sulfuric acid in an exothermic reaction (Eq. 1.1). Under proper conditions, these 
compounds are immiscible and can be readily separated. The sulfuric acid can be 
decomposed at about 850°C, releasing the oxygen and recycling the sulfur dioxide (Eq. 
1.2). The hydrogen iodide can be decomposed at about 450°C, releasing the hydrogen and 
recycling the iodine (Eq. 1.3). The net reaction is the decomposition o f water into
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
hydrogen and oxygen (Eq. 1.4). In the S-I cycle, most of the input heat goes into the 
dissociation of sulfuric acid (Eq. 1.2). The whole process takes in only water and high 
temperature heat and releases only hydrogen, oxygen and low temperature heat. All 
reagents are recycled; there are literally no effluents. Figure 1.1 represents the schematic 
diagram of how different chemicals are involved in different reactions in the S-I cycle.
:
Reject Heat
H3SO4-*
+  S O 2 +  H 2 O
Figure 1.1. Recycling o f different chemicals involved in different reactions in S-I 
thermochemical cycle (Department of Energy [2])
1.2. Research objectives
• Development o f a three-dimensional computation model o f a high temperature 
heat exchanger and decomposer for hydrogen production, based on the sulfur- 
iodine thermochemical water-splitting cycle.
• Based on the model, investigate the fluid flow, heat transfer and chemical 
reactions in the heat exchanger and decomposer.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
• Perform parametric study o f the heat exchanger and decomposer with the purpose 
o f obtaining the design that can provide maximum chemical decomposition 
performance while maintaining pressure drops within design limits.
• Study o f product throughput in the overall parametric process.
1.3. Literature review
1.3.1. Experimental and theoretical investigations o f sulfur-iodine cycle 
Since the conception o f the first thermochemical cycle in 1960s, a large number of 
the cycles have been conceptualized and few o f those extensively investigated. According 
to Brown et al. [3] the highest interest in thermochemical water-splitting cycles is 
observed in the period 1975-1985, almost exclusively from Japan. At the current time the 
interest is rising again.
Figure 1.2. Publications about thermochemical water-splitting by year o f issue
(Brown et al. [3])
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The sulfur-iodine thermochemical cycle proposed by General Atomics (GA) is the 
cycle developed for large-scale hydrogen production. GA [4] has designed, built and 
tested a high-pressure catalytic metal reactor for the purpose o f estimating the behavior 
and operating characteristics o f large reactors for solar applications. The overall system is 
made up o f two identical systems, each having a different catalyst to decompose sulfuric 
acid. The decomposition of sulfuric acid (Eq. 1.2) was investigated. Two different sets of 
experiments has been done for two different catalysts, platinum and iron oxide, in the 
temperature range 700 - 900°C and pressure range 5 - 1 0  atm. In both cases, the catalysts 
are used in the form of cylindrical pellets o f 1/8 in. diameter. The reactor tubes were 
filled with a platinum catalyst supported with zirconia, and similarly for the other case, an 
iron oxide catalyst supported on alumina. It was concluded that the performance of iron 
oxide is good at higher temperatures, but very poor at lower temperatures, whereas there 
is not much variation in the platinum catalyst over the same temperature range. 
Percentage decomposition of sulfur trioxide in the presence of platinum is around 35%, 
even at temperatures close to 700°C, whereas for the catalyst iron oxide there is no 
decomposition observed at that temperature.
Huang and T-Raissi [1] used Aspen Technologies’ HYSYS chemical process 
simulator to develop flowsheets for sulfuric acid decomposition that include all mass and 
energy balances. Based on the HYSYS analyses, a new process flowsheet has been 
developed. The developed sulfuric acid decomposition process is simpler and more stable 
than previous processes, and yields higher conversion efficiencies for sulfuric acid 
decomposition and sulfur dioxide and oxygen formation. The developed flowsheet is 
based on the assumption that WX-2 is used as a catalyst in enhancing the decomposition
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
of sulfur trioxide. The activation energy and pre-exponential factor used for the flowsheet 
development are 17.46 kcal/mol and 2.45-10* h ''. The results indicate that that the sulfur 
trioxide decomposition can be efficient even at lower temperatures, with the selection of 
an appropriate catalyst.
Lin and Flaherty [5] published the design studies o f the sulfur trioxide decomposition 
reactor, including the thermodynamics, reaction kinetics, heat transfer and mechanical 
considerations, along with a brief description o f the test units. The research has been 
performed at Westinghouse Electric Corporation. The calculations were made to find out 
the percentage decomposition of sulfuric acid for different decomposer temperatures for 
different sulfuric acid concentrations. They designed a pressurized test unit (PTU) to 
carry out the experiments at 20 atm, using ALFA-4 as catalyst for decomposing the sulfur 
trioxide. ALFA-4 has been selected due to its satisfactory performance and low cost. The 
acid decomposer is a shell and tube type heat exchanger where the catalyst ALFA-4 is 
located in the shell-side of the decomposer, with helium flowing through the tubes. The 
preheating section o f the reactor is loaded with a packed bed o f spheres or rings 
containing no catalyst, but intended solely for increasing the rate o f heat transfer. It was 
found that percentage decomposition o f SO3 was very low at temperatures below 1000 K. 
However, satisfactory conversions were obtained at temperatures grater than 1073 K.
Another research of the Westinghouse sulfur cycle for water-splitting has been 
accomplished by Spewock et al. [6]. Two catalysts were studied. Both o f these were 
commercial preparations available from vendors. As a condition for securing samples for 
evaluation, Westinghouse agreed to conduct neither chemical nor other analyses on the 
samples, nor to disclosure the vendor’s identity when discussing the results o f the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
evaluation program. By mutual consent, proprietary identification numbers are used in 
discussing the information obtained on each catalyst. Using rate data obtained for these 
catalysts, a kinetic mechanism is proposed and modeling equations derived. For the first 
o f these catalysts, designed as WX-1, the activation energy is 54.5 kcal/mol and the pre­
exponential factor is 7.66 lO'^ hr '. For the second catalyst, WX-2, the activation energy 
is 17.46 kcal/mol and the pre-exponential factor is 2.45-10* hr"'. The latter catalyst 
possessed sufficient activity for use in compactly designed decomposition reactors. The 
former does not.
In the Barbarossa et al. [7] study, the sulfur-iodine cycle for hydrogen production by 
a water-splitting reaction has been investigated and new experimental results on thermal 
dissociation of sulfuric acid have been discussed. In this work, two catalysts, a Pd-Ag 
alloy and ferric oxide (FezOs), have been tested to evaluate their effect on dissociation 
efficiency at various temperatures. For both catalysts, a large onset temperature decrease 
for the activation o f this reaction has been achieved. Both Ag-Pd/PdO and Fe2 0 3  can 
efficiently catalyze SO2 formation by thermal decomposition of H2 SO4 at temperatures 
about 300K below that of a noncatalysed reaction. This effect greatly reflects on the 
whole sulfur-iodine cycle performance: using one of these catalysts, the onset 
temperature for the decomposition o f sulfuric acid to SO2 was lowered to 873K, instead 
of 1173 K.
Tagava and Endo [8] investigated catalytic activity of metal oxides in an attempt to 
find some suitable catalysts for the decomposition o f sulfuric acid as the oxygen- 
generating reaction in the thermochemical water splitting process. Measurements were 
performed for oxides o f Ce, Cr, Fe, AI, Ni, Cu and Pt in the range 600-950°C, at space
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velocities o f 4300 to 20000 h" in a fixed bed reactor. The order o f the activities at the 
initial concentration o f SO3 of 4.0 mol% was as follows: Pt ~ Cr2 0 3  > Fe2 0 3  > CuO > 
CeO] > NiO > AI2O3 . The activity o f Cr2 0 3  above 700°C was nearly the same as the Pt 
catalyst. For NiO and CuO, there was a discrepancy between conversions determined 
from high to low temperature and conversions from low to high temperature. It was 
found that the catalytic activity for metal oxides was closely related to their 
thermodynamic properties: the higher the instability o f the sulfate, the higher the catalytic 
activity o f the oxide.
The study of Ozturk et al. [9] presents both a new design and thermodynamic and 
engineering analyses o f the H2 SO4 decomposition section o f the thermochemical 
hydrogen producing cycle. In the new process, all major equipment is operated 
adiabatically at a maximum pressure o f 1.2 MPa. Thermodynamic (energy and exergy) 
and cost analyses have been carried out using thermodynamic data and costs from the 
literature. The results show that energetic and exergetic efficiencies are 76.0 and 75.6%, 
respectively, and the typical cost is $2.2 (1990) per kmol SO2 for $4 (1990)/GJ nuclear 
heat cost.
Decomposition o f H2 SO4 has been studied in the research o f Ishikawa et al. [10]. The 
catalytic activities o f various metals and metal oxides on a porous alumina support were 
studied for the thermal decomposition o f sulfuric acid in a fixed bed reactor. A Pt-Al2 0 3  
catalyst gave a conversion of SO3 , close to equilibrium at temperatures from 1073 to 1173 
K, and at a space velocity below 10,000 h"'. It was also found that metal oxide catalysts 
such as CuO and Fe2 0 3  were as active as the Pt catalyst.
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The paper o f Kubo et al. [11] showed that Japan Atomic Energy Research Institute 
(JAERI) has been conducting thermochemical hydrogen production using the water- 
splitting iodine-sulfur process, as part o f the research programs striving to utilize heat 
from a high temperature gas-cooled reactor (HTGR). The process limited to the bench- 
scale stage, and only covered several fields including the evaluation o f structural 
materials in corrosion environments, the improvement in thermal efficiency and the 
techniques for operation in closed-loop continuous hydrogen production. An 
experimental facility made o f glass and fluorine resin for a closed-loop continuous 
hydrogen production has been operated. In the experiment, hydrogen production at the 
rate o f 32 1/h for 20 h was successfully accomplished. Feasibility o f the operating 
stability was demonstrated. Hereafter, automation of the operation to maintain the 
process in a stable state is one of the challenges.
The study accomplished by Ginosar [12] in Idaho National Labs (INL) is related to 
investigation of different catalysts for the sulfuric acid decomposition reaction in the 
temperature range 750 - 900°C. Over 20 different catalysts were studied. Significant 
progress was made to determine the activity and stability o f three types o f catalytic 
materials: platinum on low surface area refractory supports, complex metal oxides, and 
silica and zirconia carbides. Two catalysts look promising, I wt% Pt/Ti02 for reaction 
temperatures of 800 °C and below, and a CuFe2 0 4  spinel for temperatures above 800 °C. 
Additional testing and possible modification o f these materials is still required for these 
and related materials. High temperature stability o f precious metals can be improved by 
employing metals other than platinum, such as palladium, which can be stable at higher 
temperatures. Platinum or palladium can also be stabilized by combining them with other
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metals. The metal oxide supports could also be stabilized by incorporating rare earth 
oxides such as lantana or ceria. One spinel, CuFe2 0 4 , was found to provide higher 
reaction rates than the Pt/Ti02 catalyst at temperatures above 825°C.
Sandia National labs is developing the technology for a high temperature sulfuric acid 
decomposition section of the sulfur-iodine hydrogen production cycle. The section, in 
which all the wetted surfaces are made from teflon, viton, glass, or silicon carbide, was 
successfully demonstrated (Gelbard et al. [13]). This demonstration showed that it is 
feasible to develop an essentially corrosion-free apparatus using commercially available 
materials. The sulfuric acid decomposer was designed to take advantage o f silicon 
carbide material (SiC) for boiling, superheating, decomposing, and condensing with 
unreacted acid in the effluent, all in a single unit. The authors demonstrated that the 
incoming and outgoing stream from the decomposer can be below 200°C, even though 
the upper portion o f the decomposer is above 850°C. This enables one to connect the 
decomposer with teflon or viton tubes and connectors at temperatures up to 200°C, yet 
perform the decomposition reaction above 800°C. In addition, the geometry o f a bayonet 
provides efficient heat recuperation in the same unit. The sulfur trioxide decomposer 
region is located in the top of the decomposer. It houses the pellets which are made up 
from silicon carbide with incorporated platinum particles. The pellets are spherical 
shaped and their packing is simple cubical packing. The diameter of the pellets is 5 mm. 
Two different tests were performed on the decomposer. The first test - stand-alone 
decomposer test at ambient pressure - demonstrated that at flow rates o f concentrated 
acid in the range 5-15 ml/min, the acid conversion fraction is ~ 0.6. The second test -  
integrated test coupling the concentrator at 0.1 bar to the decomposer operating between
10
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3 and 5 bar - gave the aeid conversion fraction 0.37, which is approximately half o f what 
would be predicted from equilibrium at 850°C. In the test, the acid at 20 mol% was 
concentrated to 38 mol% and then decomposed in the decomposition section.
1.3.2. Enhancement o f heat transfer and chemical reaction decomposition by using 
micro heat exchangers and mieroreactors 
Most o f the investigators used large sizes decomposers for the sulfuric trioxide 
decomposition process investigations (see previous section). But thermal efficiency o f the 
decomposers can be not as high as that for micro-channel heat exchangers and 
decomposers (Conant et al. [14]). Because of the low thermal efficiency, the flow rate of 
the reactants should be very low to get the appropriate sulfuric trioxide decomposition 
percentage. This, consequently, reduces the overall performance o f the hydrogen 
production plant. To avoid the situation, a micro shell and plate heat exchanger could be 
used as the decomposer. Compared with conventional heat exchangers, micro heat 
exchangers have a much larger specific heat transfer surface, i.e., the ratio between the 
inner, active heat transfer, surface and the volume is much higher. Hence, by adopting a 
compact design, the source heat from the heat transfer fluid (helium) can be very 
effectively transferred to a gaseous sulfuric trioxide stream in order to decompose it into 
sulfur dioxide and oxygen. The silicone carbide (SiC) could be used as material for the 
heat exchanger because o f superior corrosion and creep resistance under these high 
temperature, high acid concentration environments (Munro [15]).
As an important and interest topic, the characteristics of fluid flow and heat transfer 
inside micro heat exchangers were investigated by numerous researchers such as Stief et
11
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al. [16], Bier et al. [17], Schubert et al. [18], Schubert et al. [19], Freitag et al. [20], 
Meschke et al. [21], Aim et al. [22], Kang and Tseng [23].
Stief et al. [16] accomplished numerical simulations of the heat transfer behavior of 
micro heat exchangers. The investigation confirmed the earlier experimental results of 
Bier et al. [17] that a reduction o f the thermal conductivity o f the wall material can 
improve the heat transfer efficiency of the heat exchanger.
Schubert et al. [18] concluded that in micro heat exchangers, heat and mass transfer 
coefficients exceed the values reached in the flow channels o f conventional devices by 
one or two orders of magnitude. Hence, micro heat exchangers might be preferred to 
conventional heat exchangers, and the thermal and chemical processes could be improved 
significantly. Systematic review of studies related to the characterization o f micro heat 
exchangers are referred in Schubert et al. [19]. Apart from micro heat exchangers made 
o f various metals, e.g., copper, aluminum, and stainless steel, other approaches are based 
on glass, Frietag et al. [20].
The heat transfer behavior o f a cross-flow micro SiC-heat exchanger in the 
temperature range up to 340°C has been studied in detail experimentally and numerically 
in Meschke et al. [21]. It was found that such a heat exchanger has very high thermal 
conductivity, resulting in a superior gas-to-gas heat transfer and a reasonable efficiency at 
high loads.
A ceramic micro-channel heat exchanger has been represented in Aim et al. [22]. 
Performance o f the heat exchanger was checked using water at in the temperature range 
up to 95°C. At a cold water mass flow o f 12 kg/h, a heat transfer efficiency of 0.19 was 
reached.
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A theoretical model that predicts the thermal and fluidic characteristics o f a micro 
eross-flow heat exchanger was developed in Kang and Tseng [23]. The analytical results 
showed that the average temperature o f the flow significantly affects the heat transfer rate 
and the pressure drop at the same effectiveness. And also it was demonstrated, that the 
dimensions effect has a great influence upon the relationship between the heat transfer 
rate and pressure drop.
The study of Peng and Peterson [24] showed that the cross-sectional aspect ratio has a 
great influence on the heat transfer in micro-channels. It is reported that even if  the length 
to hydraulic diameter ratio (L/dh) and other parameters are identical, the Nusselt numbers 
in micro-channels are quite different for different cross-sectional aspect ratios.
Articles Sobhan and Garimella [25], Palm [26], Obot [27], Rostami et al. [28] present 
the broad reviews o f the theoretical and experimental results for the flow and heat 
transfer in microchannels.
1.3.3. Numerical and experimental studies o f flow distribution inside the heat exchanger
and decomposer manifolds 
Crudely designed heat exchangers and decomposers often have lower performance 
and higher operating costs than more accurate designs. One o f the most important factors 
influencing the performance is uniformity o f the flow distribution inside the heat 
exchanger and decomposer. Flow maldistribution among the heat exchanger and 
decomposer channels can decrease chemical decomposition and increase pumping power. 
The uniformity of flow distribution depends on inlet manifold geometry, internal 
channels configuration and flow regimes.
13
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The problem of flow maldistribution in heat exchangers and decomposers has been 
recognized for a long time. A number of experimental investigations o f the problem are 
possible to find in literature, for example in Wen et al. [29], Faure et al. [30], Zhang and 
Li [31], Jiao and Back [32], Rao et al. [33].
Flow characteristics of a flow field in the entrance of a plate-fin heat exchanger have 
been investigated by means of particle image velocimetry (PIV) Wen et al. [29]. The 
experimental results indicate that performance of fluid maldistribution in conventional 
entrance configuration is very serious, while the improved entrance configuration can 
effectively improve the performance o f fluid flow distribution in the entrance.
The flow inside a heat exchanger, which is a component developed for cooling a 
high-current protons linear accelerator, has been investigated experimentally by Faure at 
al. [30]. The study focused on velocity distribution between the heat exchanger tubes. It 
is found, that for the range o f investigated inlet Reynolds numbers, velocity distribution 
among the tubes does not depend on the flow rate.
Shellside cross-flow velocity measurements have been made within the horizontal 
pass partition lane of an E-type cylindrical shell and tube heat exchanger using a particle 
tracking technique (Pekdemir et al. [31]). It was found that the cross-flow velocity 
variation in a baffle space within a shell and tube heat exchanger increases with distance 
between the upstream and downstream baffles.
Jiao and Back [32] obtained a correlation of the dimensionless flow maldistribution 
parameter and the Reynolds number under different distributor configuration parameters. 
The experimental studies prove that the performance of flow distribution in heat
14
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exchangers can be effectively improved by the optimum design o f the distributor’s 
configuration parameter.
The flow maldistribution due to port to channel flow has a severe effect on the heat 
exchanger thermal performance, which has been investigated experimentally by Rao et 
al. [33]. The authors have conducted an experimental study on the port to channel flow 
maldistribution in a small package of a 37 channel plate heat exchanger by creating the 
flow maldistribution while inserting a reduced cross-sectional area o f a wooden mandrel 
in both inlet and outlet ports of the heat exchanger.
Computational studies o f fluid flow distributions in inlet manifolds o f heat 
exchangers have been performed in Zhang and Li [34], Shrihari et al. [35], Bassiouny and 
Martin [36], [37], Lalot et al. [38], Wen and Li [39].
Zhang and Li [34] investigated numerically, fluid flow distribution in plate-fm heat 
exchangers. In this paper, two modified headers with a two-stage-distributing structure 
are proposed and simulated. The numerical investigation o f the effects o f the inlet- 
equivalent diameters for the two-stage structures has been conducted and also compared 
with experimental measurement. It was verified, that the flow distribution in plate-fm 
heat exchangers is more uniform if the ratios o f outlet and inlet equivalent diameters for 
both headers are equal.
Dynamic behavior o f plate heat exchangers with flow maldistribution from the port to 
channel was reported by Srihari et al. [35]. Fluid axial dispersion characterizes back 
mixing and other notable deviations from plug flow through the heat exchanger. 
Variations o f the heat transfer coefficient, due to nonuniform distribution o f fluid velocity 
throughout the channels, were also reported. Solutions were obtained with Laplace
15
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transforms and numerical inversion from the frequency domain. Predicted results show 
that the dynamic response and thermal performance deteriorates with flow 
maldistribution.
An analytical study has been made by Bassiouny and Martin [36], [37] to calculate 
the axial velocity and pressure distributions in both the inlet and outlet conduits o f plate 
heat exchangers as well as the flow distribution in the channels between the plates and 
the total pressure drop. From the analysis, a general flow maldistribution characteristic 
parameter (m^) has been derived from the mass and momentum formulation for inlet and 
exit port flows for all the plate heat exchangers. With this parameter, the flow behavior is 
determined. The flow distribution tends to be uniform for low values o f m^ (<0.01 ). If m^ 
is kept equal to zero, the flow distribution will be purely uniform. The sign of m^ may be 
controlled by the area ratio o f the inlet and outlet conduits, whereas its magnitude is 
affected by the shape and the number o f plates.
Lalot et al. [38] studied the gross flow maldistribution in an electrical heater and 
found that the perforated grid can improve the fluid flow distribution. Wen and Li [39] 
employed a CFD technique to simulate and analyze the performance o f fluid flow 
distribution and pressure drop in the header o f a plate-fin heat exchanger. A baffle with 
small-size holes is recommended, to be installed in the header in order to improve the 
performance o f flow distribution.
1.4. Motivation o f the dissertation
Hydrogen is unquestionably the transportation fuel of the future. But technology of 
large scale hydrogen production with low cost hasn’t been developed yet. So now there is
16
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a very high urgency to create a relatively cheap and reliable technological cycle for 
hydrogen production that is compatible with the environment and independent o f foreign 
fuels. The most promising o f these cycles is the sulfur-iodine proeess, from which 
sulfuric acid decomposition is one o f the most important and difficult parts.
According to the literature review, a lot of investigations o f the sulfurie acid 
decomposition cycle have been completed during the last 40 years. However, since most 
o f the investigators used large sizes decomposers with pebble bed packed catalysts for the 
process analyses, the thermal efficiency o f the decomposers, which is extremely critical 
for the sulfuric acid decomposition process, is still not very high. To improve the thermal 
efficiency, the micro-channel heat exchangers and decomposers will be investigated in 
this study. The micro-channel heat exchangers proved their high efficiency and heat 
transfer rate in numerous investigations, and they are widely used now in a high range of 
industrial applications, for example in the automotive industry and in microelectronics. 
And also, there is no evidence in the literature about using the micro-heat exchangers as 
decomposers. High temperature corrosion resistant ceramic can be used as a material for 
the micro-heat exchangers for the sulfuric acid decomposition. The technologies for 
manufacturing ceramic plates with microchannels and the process o f ceramic walls 
covering by the catalyst are developed and in use in industry.
1.5. Outline of dissertation
This dissertation focuses on the development of a three-dimensional computational 
model o f a high temperature heat exchanger and decomposer for hydrogen production, 
based on the sulfur-iodine thermochemical water splitting cycle.
17
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Chapter 2 explains the details o f the problem, geometry and operating conditions, 
associated governing equations and methodology o f solution. Validation o f the used 
model, by comparing the results with experimental and analytical results, is shown in 
Chapter 3. Chapter 4 discusses the results, calculations, and parametric o f fluid flow 
distributions and pressure drops inside the high temperature heat exchanger and 
decomposer. Calculations o f heat transfer and flow features o f the heat exchanger and 
decomposer for the baseline and alternative designs are represented in Chapter 5. Chapter 
6  shows the calculations with chemical reactions and parametric studies performed with 
the purpose o f increasing of the reaction decomposition percentage, while Chapter 7 
concludes the current research.
18
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER 2
DESCRIPTION OF THE PROBLEM AND METHODOLOGY
2.1. High temperature heat exchanger and decomposer design and operation
conditions
The design of the shell, plate heat exchanger and decomposer was developed by 
Ceramatec’s Inc. (Salt Lake City, USA) and is shown in Figure 2.1. The geometry o f the 
heat exchanger was designed according to the process design (Figure 2.2), which was 
proposed by GA [4]. The hot helium from a nuclear reactor (T=975°C) is used to heat the 
SI (Sulfuric Acid) feed components (H2 O, H2 SO4 , SO3), to get appropriate conditions for 
the SI decomposition reaction (T>850°C).
Preheatei > ^ ------- Hot
Decom posed
Product
%  arm
Helmm
Exhaiiit
lusiilnted
Shell
Hoi
Helmm
Feed
Decomposer 2
Decomposer 1
Figure 2.1. Shell and plate heat exchanger 
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Decomposer 1 Decomposer 2Preheater
976C466C 9S0C715C
HeHe HeHe
92SC460C 700C
H,0. S0„ 0 „  SO;
71 SC50SC
9E0C
HjO, S0„ 0 „  SO,
Figure 2.2. Process design (GA [4])
This shell and plate design allows for modular stacks of plates that can be arranged in 
parallel or series. Much like a plate fin heat exchanger, these plates provide for internal 
manifold and gas channels and define the heat exchange surfaces. A stack o f these plates 
provides parallel channels and surfaces so that the capacity o f the exchanger can be 
varied as required by the application. Sequencing of these modular stacks provides for 
proeess staging whereby configurations can be optimized or uncoupled.
The common repeat unit within the heat exchanger is the heat transfer plate. These 
are made using planar processes that can be easily automated. These plates are then 
stacked and sealed together into monolithic robust ceramic modules which have gas 
headers for feed and product flows. During the assembly of these modules, the plates are 
stacked with narrow gaps that define the flow channels for the external heat transfer fluid
20
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(helium). These stacking and joining processes also lend themselves well to automated 
processes, potentially reducing the cost o f these heat exchangers.
The decomposer consists o f four main parts (Figure 2.1): Preheater, Decomposer 1, 
Decomposer 2 and Insulated Shell. SI gases at 7’=450°C (Figure 2.2) are flowing in the 
Preheator from a boiler&vaporator. The SI gases are a mix o f water vapor, sulfurie acid 
and sulfur trioxide. In the Preheater, the gases are heated up to the 700°C by the hot 
helium and recuperative heat from the product flow. Besides, in the Preheator the rest of 
the sulfuric acid, which was not decomposed in the boiler&vaporator, dissociates nearly 
completely into water and sulfur trioxide:
H2S 0 4 —̂H2 0 +S0 3  (2.1)
At the outlet of the Preheater, the flow mix includes only water and sulfur trioxide 
(according to GA [4], the molar percentage of the sulfuric acid there is about 1.5 mol%). 
Sulfur trioxide decomposition reaction takes place in Decomposer 1 due to the heating 
process and catalyst presence:
(2.2)
Similarly with the heating proeess in the Preheator, in the Decomposer 1 the gases are 
heated by hot helium and recuperative heat from the product flow up to 850°C and 
higher, to get the maximal percentage o f the sulfur trioxide decomposition. The 
additional decomposition of SO3 occurs in Decomposer 2 due to heat transfer from hot 
He flow and catalyst presence. The Decomposer 2 has only two flows: hot He flow and 
SI mix flow. The Insulated Shell protects the whole heat exchanger and decomposer from 
the heat losses.
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According to GA [4], the mass flow rate o f the helium is 71 kg/hr, SI mass flow rate 
is 158.66 kg/hr, and the operation pressure for all o f the flows is l.SMPa.
In the current study, the process analysis and parametric study is performed only for 
the Decomposer 1 (Figure 2.2). Decomposer 1 is chosen because o f its more complex 
nature when comparing to Preheater and Decomposer 2 (Figure 2.2), due to the presence 
o f a combination o f both catalytic chemical reaction and counter-current heat exchangers. 
Besides, the plate geometries o f Preheater, Decomposer 1 and Decomposer 2 are the 
same, therefore the results obtained for the Decomposer 1 can be applieable for the 
Preheater and Decomposer 2. The assembly of Decomposer 1 is shown in Figure 2.3. The 
number o f the assemblies in the decomposer is 70. Figure 2.4 shows the layers of 
Decomposer 1.
HT
SP
SI
S21)
HT
SI
S2a
SI
HT
S2b
SI
HT
SP
F in ish  C u t  o f P la t t  F e a tu re s   ̂
(P e r im e te r  <& H e a d e rs )
Figure 2.3. Assembly o f Decomposer 1 
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HT Laver 
(4 ea)
SI Laver
(4 ea)
SP Laver
(2 ea) !
S2a Laver 
( 1  ea)
S2b Laver 
( 2  ea)
Figure 2.4. Layers o f Decomposer 1
The plan view o f the Decomposer 1 is shown in Figure 2.5. In the figure, the reacting 
flow is the flow o f gas mix H2O, SO3 , SO2 , O2 with chemical reaction (Eq. 2.2). The 
product flow is the flow of gas mix H2 O, SO3 , SO2 , O2 . The walls o f the internal channels 
o f the reacting flow are covered by the catalyst (platinum).
The geometry and dimensions o f the HT, SP, SI, S2a and S2b layers (Figure 2.4) are 
shown in Figure 2.6 - Figure 2.10. The thickness of the HT layer is 0.3.mm, SP -  0.85 
mm, SI -  0.424 mm, S2a and S2b -  0.45 mm.
23
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
He
F I ' n i
f l o t i
(SI ;mtl S2b lin ers)
Catalyst Added 
to Channels
Product
flow
(Si and S2a Layers)
o 
0- ,
I
r>
J
Figure 2.5. Plan views of Decomposer 1
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Figure 2.6. Geometry and dimensions o f the HT layer (dimensions in mm)
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Figure 2.7. Geometry and dimensions of the SP layer (dimensions in mm)
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Figure 2.8. Geometry and dimensions o f the SI layer (dimensions in mm)
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Figure 2.9. Geometry and dimensions of the S2a layer (dimensions in mm)
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Figure 2.10. Geometry and dimensions of the S2b layer (dimensions in mm)
2.2. Transport phenomena model
2.2.1. Equations o f fluid flow, heat and species transfer 
The preliminary analysis shows that the Reynolds numbers o f the flows in internal 
channels o f the heat exchanger and decomposer are less than 1 0 0 0 , therefore the laminar 
flow model was used for the calculations.
The governing equations for continuity, momentum and energy for the laminar flow 
can be expressed as follows:
a
dw.
{ p u ^ ) = 0 (2.3)
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ô / \ a
dw dw
du.
' V dw,i y
^  ( p » , r ) =  ^dw, dw. l Cp dw.
dw.
(2.4)
(2.5)
The governing equation for different speeies involved in the reaction modeling can be 
written as:
dw,
d X
+ +S. = 0rxni I (2.6)
However, the Reynolds numbers for the flow in supply channels and manifolds are 
higher than 2300, therefore a turbulence model should be applied for the flow 
calculations in the regions. The shear-stress transport (SST) k-co model has been chosen 
to calculate the flows. The model is so named because the definition o f the turbulent 
viscosity is modified to account for the transport o f the principal turbulent shear stress 
(Menter et al. [40]). It is the feature that gives (SST) k-co model an advantage in terms of 
performance over both the standard k-s  and k-co models, especially for the flows with 
recirculation regions. Besides, the model does not require very fine grid near the wall.
Momentum conservation for the turbulence model:
d f \ 6
[ p u ^ u j =
dw, dw./ V dw. dw.
(2.7)
where
pu'.u' = p,
du  du  
— +  ^
VV
dw, dw
j p k S , (2 .8)
Transport equations for the SST model:
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dw. dW:
r .
dk
dw,1
dw, dw,
F
\
dû)
+ ^a,~K +P^co
(2.9)
(2 .10)
In these equations, represents the generation of turbulence kinetic energy due to 
mean velocity gradients. represents the generation of <y. 7^ and F^ represent the 
effective diffusivity o f k  and o), respectively. and represent the dissipation o f k and 
0  due to turbulence. represents the cross-diffusion term.
M, (2 .11)
c = / ' + —(T„
(2 .12)
where oi and cr® are the turbulent Prandtl numbers for k and co, respectfully. The 
turbulent viscosity, p, is computed as follows:
M, =
p k 1
CO ’  1 S F ,'
max --
a ’ a,CO
where S  is the strain rate magnitude and
1
O’* = F,
O ’* ,, ^ k . 2
F, U - F ,)
O’̂ .i
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The coefficient a  damps the turbulent viscosity, causing a low-Reynolds-number 
correction. It is given by
Re,
1 + Re.
where
Re, =
pk
pco
R, =6
a . .
P,
=0.072
The blending functions, F / and F2, are given by
F, = tanh{0^ )
0 , = min max
4 k  500p
0.09û)y’ py^û)
4pk
D* = max 2 p - L L ^ ^ . w - ' ‘
(7,^ A)
F̂  = tanh ip l)
0 ,  = max
4k 500p
0 . 0 9 py'co
(2.16)
(2.17)
(2.18)
(2.19)
(2.20)
(2.21)
(2 .22)
(2.23)
(2.24)
(2.25)
where y  is the distance to the next surface and DJ is the positive portion o f the cross­
diffusion term.
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where S  is defined as
= min{G^,10pP''kco) (2.26)
(2.27)
S  = (2.28)
The term Go is given by
G , = ^ G ,  (2.29)
V, *
where
« .  = F f l . j  + { l -  F ,)a ,j (2.30)
y; = w  (2.33)
(2.34)
(2.35)
The model eonstants:
<T*, = 1.176, = 2.0, C7̂  ̂= 1.0, = 1.168, n, = 0.31, = 0.075,
, = 0.0&2&, = 7.J, 7(̂  = a, Æ  = O.OP
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2.2.2. Chemical reactions and kinetics
The wall surfaee reaetion model is implemented to determine the mole fractions of 
SO3 , SO2 , and O2 , as results of the sulfur trioxide deeomposition: S0 3 ->S 0 2 +0 .5 0 2 . The 
chemical reaction is highly temperature and pressure dependent.
Assuming that the reaction is the first order homogeneous reaction (Spewock [6 ]), the 
rate equation for the reaction is written as:
(2.37)
The reaetion rate constant (K) is obtained by using the Arrhenius equation (Scott
[41]):
(:&)
^  =  (2.38)
Platinum catalyst is used to enhance the decomposition. The activation energy (Ea) 
and pre-exponential factor (A) for the chemieal reaction is obtained by using the 
experimental data o f Ginosar [12]. For the 1 wt % Pt eatalyst pre-exponential factor A = 
0.16 1/s; Ea=32.67 kJ/mol. For the 0.1 wt % Pt eatalyst pre-exponential faetor A = 1.14 
1/s; Ea=46.24 kJ/mol. Caleulations for the eatalytic data are shown in APPENDIX 1. The 
obtained values for the activation energy agree with experimental data of Tagawa and 
Endo [8 ] and Ishikawa et al. [10].
2.3. Numerical method and algorithm
The governing equations are solved in the Cartesian coordinate system using a 
control volume finite differenee method that is similar to the approaeh introdueed by 
Patankar [44]. The general purpose Computational Fluid Dynamics (CFD) code 
FLUENT 6.2.16 software (FLUENT, Ine. [43]) is used as a numerieal solver for the
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problem. A non-staggered grid storage scheme is adapted to define the discrete control 
volumes. In this scheme, the same control volume is employed for the integration o f all 
conservation equations. All variables are stored at the control volume’s cell center. The 
numerical scheme used in this study is a power-law differencing scheme, and the solver 
used is a segregated solver (Figure 2.11).
yesno
Update properties.
Solve momentum equations.
Solve energy, species, and other equations.
Solve pressure-correction (continuity) equation. 
U]xlate pressure, face mass flow rate.
Figure 2.11. Iterative solution method for the segregate solver
SIMPLE (semi-implicit method for pressure-linked equations) algorithm is used to 
resolve the coupling between pressure and velocity. The governing equations, which are 
discrete and nonlinear, are linearized using an implicit technique with respect to a set of 
dependent variables. The resulting algebraic equations are solved iteratively using an 
additive correction multigrid method with a Gauss-Seidel relaxation procedure.
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The grid independence studies are performed for the each investigated geometry to 
check the dependence o f the calculated parameters (pressure, temperature, velocities, 
decomposition percentage) on mesh size. The grids systems are refined until the 
calculated parameters became independent from the grid size.
Temperature distribution o f the solid part o f the decomposer is imported to ANSYS
[42] by using the volume mapping function of FLUENT (FLUENT, Inc. [43]). The 
procedure o f the FLUENT/ANSYS thermal coupling is described in APPENDIX 2. The 
thermal loads should be used to calculate stresses in the solid part of the model.
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CHAPTER 3
VALIDATION
3.1. Fluid flow model 
To validate the used fluid flow model, the comparison of the calculations with 
experiments completed by Ceramatec, Inc. (Cutts et al. [45]) has been performed. In the 
experiments, the fluid flow in the test coupon, which has the same internal channel 
dimensions as the heat exchanger assembly (Figure 2.3), has been studied experimentally, 
and the measured data are compared with computed results. The comparison o f test 
coupon geometry with heat exchanger assembly is shown in Figure 3.1.
Test coupon
Decomposer
assembly
Figure 3.1. Comparison of test coupon geometry with heat exchanger assembly
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The test coupon is manufactured using plexiglas parts (Figure 3.2), instead o f the 
more brittle and expensive ceramic coupons. A metal cap covers the coupon. This cap is 
machined to incorporate an array o f 18 pressure taps in order to measure the local 
pressures at the inlet, exit and along the length of various channels. The pressure 
measurements have been taken using a dynamic pressure mat that has been calibrated to 
allow for precise measurements o f the flow data. The working fluid for all o f the 
experiments is argon gas (p= 1.6228 kg/m^).
J-.*
Figure 3.2. Plexiglas test coupon (Cutts et al. [45])
The pressure measurements were performed at four Reynolds numbers in the internal 
channels; 435, 580, 870 and 1160. The Reynolds numbers have been calculated by
Re = (3.1)
Uave - mean velocity through the internal channels; dh - hydraulic diameter o f the 
internal channels.
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The results o f the pressure measurement were compared with CFD calculations. The 
calculation geometry is shown in Figure 3.3. The geometry has exactly the same 
dimensions as the experiment, including the inlet and outlet manifolds and pressure taps. 
The red color on the figures designates the pressure measurement areas. The computation 
mesh for the calculations is shown in Figure 3.4 and Figure 3.5.
Comparison between calculated pressures on the pressure taps with experimental data 
for the Reynolds numbers 435, 580, 870 and 1160 are shown in Figure 3.6, Figure 3.7, 
Figure 3.8 and Figure 3.9, correspondingly. The differences between calculated and 
experimental pressure data for all of the cases are within ± 1 0 %.
.
ChMncU
Ctwino«l 3
Chaimptj
F Outlet
Figure 3.3. Calculation geometry and channel numbering for the test coupon model
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Figure 3.4. Mesh (1085524 cells, 1012564 nodes)
Figure 3.5. Mesh (zooming)
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Figure 3.10 shows the comparison o f the friction factor /  for the internal decomposer 
channels (Figure 3.1), with classical function {f=6AIRe) for laminar flow. The friction 
factor /  is calculated by the equation;
/  =  - (3.2)
The difference of the numerical results with the classical function is less than 1%.
0.3
0 .25
0.2
Numerical results 
f=64/Re
0.05
1000 1200 1400 1600600 8 0 0400
Re
Figure 3.10. Friction factor for the flow in the channel
So, it can be concluded that the computational model is capable o f closely predicting 
the fluid flow features.
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3.2. Heat transfer model
Comparisons o f the current model for the microchannels with the available 
experimental data for laminar flow in rectangular channels with heat transfer completed 
by Peng and Peterson [24] have been performed. In the experiment twelve different 
microstructure configurations, which have with several rectangular microchannels, were 
designed and evaluated. The geometric and characteristic parameters are summarized in 
Table 3.1.
The test module, shown in Figure 3.11, consisted o f a stainless steel plate substrate 
into which the microchannels were machined, and a cover which served as both an 
insulator and a sealant. The microchannel stainless steel plate was electrically heated by 
directly connecting the test sections to a d.c. transformer that provided low voltage and 
high electric current. In this way, heat generated in the thin section o f the plate was 
transferred directly to the liquid from the two sides and the bottom of the microchannel, 
as illustrated in Figure 3.11 (c). Thermocouples were installed in the sumps at the 
entrance and exit to measure the inlet and outlet liquid temperature. In addition, six 
thermocouples were mounted on the back o f each microchannel plate to measure the 
axial wall temperature distribution and ensure that the flow rate was equally distributed in 
the channels. These thermocouples were distributed longitudinally at three different 
locations.
Water was selected as the working fluid. To account for fluid property variations, the 
experiments were conducted over an inlet liquid temperature range o f 20-45 °C.
The fluid flow and heat transfer were calculated for the geometric parameters o f the 
Plate 2 (Table 3.1). For the calculations, the Nusselt number was computed as
42
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Nu = ■ (3.3)
where q is the heat flux in the normal direction o f the wall, is the temperature o f the 
wall, Tb is the temperature on the centerline o f the channel and dh is hydraulic diameter. 
The Prandtl number was calculated by
Pr =
I
(3 4)
where ju is dynamics viscosity, Cp is the heat capacity and À, is thermal conductivity.
Table 3.1. Geometric parameters o f the test section (Peng and Peterson [24])
Plate w, mm Wc, mm L, mm h, mm
1 0.4 4.5 45 0 . 2
2 0.4 2 . 8 45 0.3
3 0.4 2 . 0 45 0.3
4 0.3 4.6 45 0 . 2
5 0.3 2 . 8 45 0.3
6 0.3 2 . 0 45 0.3
7 0 . 2 4.5 45 0 . 2
8 0 . 2 2 . 8 45 0.3
9 0 . 2 2 . 0 45 0.3
1 0 0 . 1 4.5 45 0 . 2
1 1 0 . 1 2 . 8 45 0.3
1 2 0 . 1 2 . 0 45 0.3
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SUMP
SUMP
-M ICROCHANNEL
CONNECTED TO D C  CABLE; CONNECTED TO DC CABLE
STAINLESS SIEEL PLATE6  THERMOCOUPLES
PRESSURE PORTMCROCHANNEL
(C) MICROCHANNEL CROSS^ECTKDNSUMP
(bJlO PV K W
SW ILESS STEEL PLATE
Figure 3.11. Experimental section (Peng and Peterson [24])
Figure 3.12 shows the comparisons of the calculation results with the experimental 
data. The comparisons show that the numerical results agree very well with the 
experimental data for Plate 2. The difference between calculation and experiment is 
within imcertainty o f Nusselt number -  16 % (Peng and Peterson [24]). The maximal 
difference between calculation and the relationship, obtained by correlation o f the 
experimental data for all o f the plates (Eq. 3.5) is 19%.
Nu = 0.J165 A (3.5)
44
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
10
g
8
7
JP- "
z
# Plate 1
0 Plate 2
■ Plato 3
□ Plate 4
A Plato 5
▼ Plate 6
A Plate 7
V Plate 8
♦ Plate 9
0 Plate 10
+ Plate 11
X Plate 12
Eq. (3.5)
-  Numerical results
200
-I I I I I  ......................Ill ' l l
Re
4 0 0 6 0 0  8 0 0  1 0 0 0
Figure 3.12. Results o f laminar heat transfer
3.3. Chemical reaction model 
To validate the used chemical reaction model, the comparison of the calculations with 
experiments completed by Ginosar [12] has been performed. For the experiments, a high- 
temperature continuous flow catalyst test system, established in INL, was used to 
examine the catalytic reaction in flowing, concentrated sulfuric acid at atmospheric 
pressure (Figure 3.13). Concentrated sulfuric is pumped into a heated zone where the acid 
vaporizes and decomposes to SO3 and steam. Generated vapors flow over a bed of 
catalyst for the reduction o f SO3 to produce SO2 and oxygen. The inlet section, where 
preheat, vaporization, and SO3 generation takes place, has an inside diameter o f 4 mm, an 
outside diameter of 6  mm, and had approximately 30 cm of tube in the heated furnace. 
The SO3 decomposition section, with approximately 30 cm in the heated zone, had an
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inside diameter o f 10 mm and an outside diameter o f 12 mm. The initial 10 to 12 cm of 
the decomposition section was packed with den stones which aided temperature 
stabilization. The catalyst sample was packed inside the decomposition section starting at 
about 15 cm downstream of the inlet section and was held in place with plugs o f quartz 
wool. Gas temperatures exiting the catalyst bed were measured using a type K 
thermocouple that was sheathed inside a quartz tube that was sealed from the reaction 
environment. The tests were performed using a feed of concentrated sulfuric acid (95 to 
96 wt%) at a flow rate of approximately 50 grams per hour.
To Vent
Nitiogen
Mass Flow
Meter
Gas
Chromatograph
FurnacePump 
/ I \  ; Sulfuric Acid Sulfuric Acid / 
CollectionFeed, 96
Balance Balance
Figure 3.13. Experimental setup (Ginosar [12])
Results of comparisons of the sulfuric trioxide decomposition obtained 
experimentally with calculated results are shown in Figure 3.14 and Figure 3.15. The 
calculation approach is shown in APPENDIX 3. The maximal difference between 
experimental and calculated results is 20%. The possible reason for the difference is that
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the uniform catalytic pebbles sizes distribution was used in the calculation whereas in the 
experiment the size of the pebbles was nonuniform and varied in the range 0.85-2 mm.
30
■o
INL Experiment 
Calculation
9̂oo 750 800«I 850 900
Figure 3.14. Sulfur trioxide decomposition for 0.1% Pt/TiO; catalyst
c  45
g_40
INL experiment 
Calculations
850 900750 800
O iT'C
Figure 3.15. Sulfur trioxide decomposition for 1% Pt/TiOa catalyst
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CHAPTER 4
CFD SIMULATION OF FLUID FLOW DISTRIBUTION AND PRESSURE 
DROPS INSIDE THE HEAT EXCHANGER AND DECOMPOSER 
4.1. Baseline design investigations
4.1.1. One layer model 
The purpose of the calculation is to check the uniformity o f flow distributions in the 
internal channels and suitability o f the pressure drop for each flow. The one layer models 
for calculations of flows in the Decomposer 1, namely helium flow, reacting flow, and 
product flow (see Figure 2.5), have been created. The used models include only fluid 
flow model with no heat transfer and chemical reaction calculations.
4.1.2. Material properties 
It was assumed that the gas properties (density and dynamic viscosity) for the flow 
areas do not depend on temperature significantly, therefore the properties were taken 
constants for the areas with pressure 1.5 MPa for the average temperatures and 
concentrations according to the process design (Figure 2.2). The mix gas properties for 
the reacting flow were calculated for the component mass concentrations: X5Oi=0.40815; 
xso2=0.3266; 08155; x//2o=0.1837. The component mass concentrations for the
product flow were chosen as: xso3~0', xso2~0.6532-, xo2=0.1631 ; xw2o=0.1837.
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The calculated properties of gases for the areas are shown in Table 4.1.
Table 4.1. Properties o f gases
Parameter Helium
flow
Reacting
flow
Product
flow
A  kg/m^ &653 7.243 6.401
A  kg/(m-s) 1.99.10'^ 1.5-10'^ 1.343-10'^
4.1.3. Calculation of He flow 
The geometry and dimensions o f the He domain are shown in Figure 2.7. Because of 
symmetry, only half o f the geometry has been modeled (Figure 4.1). Figure 4.2 shows the 
computational mesh for the geometry.
Because the Decomposer 1 contains a total o f 140 helium flow plates, the mass flow 
rate in the each plate is:
71/140= 0.507 kg/hour = 0.000141 kg/s, therefore for the used calculation domain 
m =0.000141/2=7.05-10'^ kg/s.
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Figure 4.1. Calculation geometry
Figure 4.2. Computational mesh (34384 cells, 40554 nodes)
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The static pressure distribution is shown in Figure 4.3. The maximal pressure drop in 
the calculated domain is 240 Pa, which is the appropriate value for the decomposer. 
Figure 4.4 shows the velocity magnitude distribution. The Y-velocity distribution at the 
midsection o f the channels is shown in Figure 4.5. According to the figures, the velocity 
distribution in the midsection area is quite uniform, therefore there is no need to make 
additional improvements in the geometry.
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Figure 4.3. Static pressure. Pa (on the middle o f the He plate)
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Figure 4.4. Velocity magnitude, m/s (on the middle of the He plate)
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Figure 4.5. Y-velocity distribution at the midsection of the plate
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4.1.4. Flow calculations in reacting domain 
The geometry o f the reacting flow domain consists o f two parts -  S2b layer (Figure 
2.10) and SI layer (Figure 2.8).
Figure 4.6 shows the calculation geometry. Due to symmetry, only half o f the 
geometry has been modeled. The mesh for the geometry is shown in Figure 4.7.
The mass flow rate in the each plate is 158.66/140=1.133 kg/hour = 0.0003148 kg/s 
(the Decomposer 1 has totally 140 plates with reacting flow). Therefore the mass flow 
rate for the calculation domain is m =0.0003148/2=1.574 lO'"̂  kg/s.
Outlet channel \
\
\
Outlet manifold
\
Symmetry \  
plane
Inlet manifold
. Internal channel
Inlet supply channel
Figure 4.6. Calculation geometry
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Figure 4.7. Computational mesh (508920 cells, 607612 nodes)
The pressure distribution is shown in Figure 4.8. The overall pressure drop for the 
current case is 7.27 kPa. The calculated results show that the largest pressure drop for the 
design takes place in the inlet and outlet supply channels. According to calculations, the 
velocity distribution among the internal channels is not uniform for the baseline design 
(see Figure 4.9, Figure 4.10). Furthermore, there is backflow in the seventh channel from 
the right side (Figure 4.10). For the case, the maximal flow rates take place in the third 
and fourth channels from the right side. That sort of behavior is obvious when the inlet 
channel o f a heat exchanger is small compared to the global size o f the inlet header, and 
the fluid tends to go preferentially into the channels that face the inlet channel (Rohsenow 
et al. [46]). Such nonuniform flow distribution can be a reason for a very low 
decomposition rate o f sulfur trioxide (SO3) o f the decomposer. Therefore, the current
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supply channel configuration is not appropriate, and optimization study of the geometry 
is required.
5000
•1000
Figure 4.8. Static pressure. Pa
velocity-magnitude
M  10
Figure 4.9. Velocity magnitude on the middle o f the SI and S2a plates, m/s
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Figure 4.10. Y-velocity distribution at the midsection o f the channels, m/s
4.1.5. Calculation o f product flow
The geometry o f the product flow domain consists of two parts -  S2a layer (Figure 
2.9) and SI layer (Figure 2.8).
The geometry is similar to that for the case of the reacting flow. The only difference 
is the locations o f supply channels. The height o f the supply channels and manifolds is 
twice smaller than that used in the reacting flow domain. Because o f symmetry, only half 
o f the geometry has been modeled (Figure 4.11). The mesh for the geometry is shown in 
Figure 4.7.
The mass flow rate of the product flow is the same as that for the reacting flow, i.e. 
m =1.574-10"'kg/s.
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Figure 4.11. Calculation geometry
Figure 4.12. Computational mesh (508920 cells, 607612 nodes)
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Results o f the calculations are shown in Figure 4.13 - Figure 4.15. According to the 
results, the product flow domain has the same problem as that with reacting flow (highly 
unequal velocity distribution among the channels). In addition, the pressure drop for the 
geometry is very high (14000 Pa, see Figure 4.13). The reason for such a high pressure 
drop is because the cross flow areas o f the supply channels and manifolds are two times 
smaller than those in the reacting flow plates.
1
Figure 4.13. Static pressure, Pa
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Figure 4.14. Velocity magnitude on the middle o f the SI and S2b plates, m/s
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Figure 4.15. Y-velocity distribution at the midsection o f the channels, m/s
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4.2. Improved manifolds design with straight channels 
The completed flow calculations in the reacting and product domains o f the baseline 
design show that the flow distributions in the internal channels o f the domains are not 
uniform, therefore some improvements o f the manifolds and channel geometries are 
needed. Because o f that, calculations o f the flow in the improved manifold configurations 
for the reacting flow domain, with original straight channels and hexagonal channels, 
have been completed. The obtained results can be valuable for the improvements of 
product flow domain as well.
4.2.1. Calculation domain and dimensions 
Three other geometries with different design of the manifolds and supply channels 
(Case B, Case C and Case D) are chosen to make the flow distribution among the internal 
channels more uniform. The baseline design was named as Case A (Figure 4.1).
The computation domain for Case B (Figure 4.16) has the same dimensions as the 
baseline design with the exception o f inlet manifold shape. The manifold shape and 
dimensions are shown in Figure 4.19. The new manifold has three wide plates o f the 
same thickness (0.45 mm), and flow separators (grooves on Figure 4.19) which are 
located opposite the channels. The separators redistribute flow to obtain more uniform 
flow distribution, as compared with the original design. Each separator has a different 
size to improve uniformity o f the flow rate among the channels. The width o f the 
separators: 1-15th channels -  1.64 mm; 16th channel -  1.16 mm; 17th channel -  1.06 
mm; 18th channel -  0.98 mm; 19th channel -  0.98 mm; 20th channel -  0.91 mm; 21th 
channel -  0.55 mm; 22th channel - 0.4 mm; 23th charmel -  0.25 mm; 24-25th channels -  
0.36 mm.
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The computation domain for Case C (Figure 4.17) has the same dimensions as Case
B, only the outlet manifold is longer than that of the original design. The length o f the 
modified outlet manifold is 11.3 mm.
The computation domain for Case D (Figure 4.18) has the same dimensions as Case
C, with the exception of the inlet supply channel and outlet channel, which are twice as 
wide, compared with the original design (i.e. 4.064 mm).
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\  Inlet
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plane
Figure 4.16. Calculation domain for the Case B (modified inlet manifold)
\
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Figure 4.17. Calculation domain for the Case C (modified inlet and outlet manifold)
Outlet'y
\
\
' \  ,
\
\  .
’\
\
\  In leîy
\
Symmetry ' v 
plane
Figure 4.18. Calculation domain for the Case D (modified inlet, outlet manifold and
supply channels)
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Figure 4.19. Geometry and dimensions of the modified inlet manifold
4.2.2. Calculation results 
The Y-velocity distributions at the midsection of the channels are shown in Figure 
4.20. For Case B, the velocity distribution is more uniform than that for Case A, and there 
are not channels with backflow. But there is still large velocity maldistribution for the 
case (Figure 4.20, Case B). For the case, the velocity ratio (ratio of the highest velocity in 
the internal channels to the lowest velocity, used in Lalot et al. [38]) is equal to 5.
The velocity maldistribution for Case C and Case D is much smaller than that for 
Cases A and B. This is because the outlet manifold is much wider for the cases, as 
compared with Cases A and B, and affects the velocity distribution among the internal
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channels tremendously. The velocity distribution for Case D is more uniform than that of 
Case C (the velocity ratio for the D is 1.41, for the Case (2 is 1.17).
Figure 4.21 show the velocity magnitude distribution in the mean level o f the internal 
channels and supply manifold. According to Figure 4.21 (Case A), the major part o f the 
flow goes directly from the inlet manifold to the internal channels without the 
redistribution. For Cases B, C and D, the main portion of the flow from the inlet supply 
channel turns left in the inlet manifold to be redistributed among the internal channels.
Figure 4.22 represents the flow pattern (streamlines) inside the calculation domains. 
For Case A, there are two large vortices in the inlet manifold on the right and on the left 
sides from the inlet supply channel. Most o f the streamlines for the case pass through the 
third and fourth channels. For Cases B and C, the flow patterns look alike: there is a 
small vortex in the inlet manifold on the left side, as seen from the inlet supply chaimel. 
The flow pattern of the inlet manifold for Case D has the additional vortex on the right 
side from the inlet supply channel.
The pressure drops for the all o f the geometries are shown in Figure 4.23. The overall 
pressure drop for Case A is 7.27 kPa, Case B -  8.61 kPa, Case C -  7.49 kPa, Case D -  
3.37 kPa. The data shows that the largest pressure drop for the design takes place in the 
inlet supply channel and outlet channel. Increasing the flow area for the inlet supply 
channel and outlet channel twice, for Case D, decreased the overall pressure drop more 
than twofold.
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Figure 4.20. Y-velocity distribution at the midsection o f the channels, m/s
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Figure 4.22. Streamlines, colored by velocity magnitude, m/s
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The parametric study o f the four designs for different Reynolds numbers has been 
completed. Dependence of flow nonuniformity in the channels from the Reynolds
number has been investigated. The flow nonuniformity for the individual channel and the
sum o f flow nonuniformity for the cross-section have been calculated using formulae 
from Zhang and Li [34]. Flow nonuniformity for individual channel:
"S', =(g, - g j / g .  (4.1)
Sum of flow nonuniformity for the cross-section:
= (4.2)
/=/
where gi and ga represent the local mass flow rate for internal channel i and mean 
mass flow rate for the cross-section.
Figure 4.24 represents the relation o f flow nonuniformity (S) to Reynolds number for 
all of the four cases. The Reynolds number influences flow nonuniformity for all o f the 4 
cases, but the highest influence takes place for Case C and Case D. For the Case A flow, 
maldistribution increases with Re increasing. Case B and Case C have lower peaks for 
the dependence. For the Case D, flow maldistribution decreases with Re increasing. The 
lowest maldistribution takes place for Case C and Case D.
Figure 4.25 shows dependence o f overall pressure drop to Reynolds number for all of 
the four cases. The overall pressure drop increases with increasing o f the Reynolds 
number for all the four cases. Case D has the least pressure drop among all the cases.
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Figure 4.25. Overall pressure drop on Re
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4.3. Improved design with hexagonal channels 
The improved configuration with hexagons is shown in Figure 4.26. The 
configuration has two hexagonal-shaped layers with approximately 2  mm length 
hexagons (Figure 4.27). The value o f layers overlapping is about 50%. The width o f the 
inlet and outlet manifolds for the geometry is the same as that in the original design. The 
only difference in the manifold design is the number of inlet and outlet manifold 
channels. The design with hexagonal plates has four inlet and outlet manifold channels 
per whole plate (Figure 4.26), to improve uniformity of flow and decrease overall 
pressure drop. The mesh for the inlet part o f the studied geometry is shown in Figure 
4.28.
"^utlet
Outlet
Symmetry
plane V, Inlet
V .  Inlet
Figure 4.26. Geometry and dimensions o f the single plate model with hexagonal
channels
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Figure 4.27. Dimensions of hexagonal channels (ceramic part)
Figure 4.28. Computation mesh for inlet part of the single plate model (1027805
nodes, 769200 cells)
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According to the results o f flow calculation for the design with hexagonal channels 
(Figure 4.26), the velocity distribution at the midsection o f the channels is uniform 
(Figure 4.29, Figure 4.30). Velocity misbalances for all o f the channels are not larger than 
3%. Overall pressure drop is 2220 Pa. The main reason o f such uniform flow rate 
distribution is because flow can redistribute not only in the inlet manifold but in the 
channels as well. Another advantage o f the geometry is that the uniformity o f the flow 
rafe is not sensitive to the value o f the overall mass flow rate. For example, for the overall 
mass flow rate, twice higher than for the current calculations, velocity misbalances for all 
o f the channels are still not larger than 3%.
■
velocity-magnitude
14
— 12L— 10
— 8
— 6
M 4g 2
Figure 4.29. Velocity magnitude distribution for the geometry with hexagonal
channels, m/s
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Figure 4.30. Y-velocity distribution at the midsection of the o f the hexagonal 
channels in the lower plate (red line in Figure 4.29), m/s
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CHAPTER 5
CALCULATION OF HEAT TRANSFER AND FLOW FEATURES OF THE HEAT
EXCHANGER AND DECOMPOSER 
The motivation o f the calculations showed in this chapter is to find ways to enhance 
thermal performance of the heat exchanger and decomposer with acceptable pressure 
drop. From the configuration o f the baseline design, it is expected that the flow pattern is 
quite simple. To enhance the heat transfer, this geometry has been configured in different 
ways to change the flow pattern and increase the contact surface between flow and wall. 
Meanwhile, since this shell and plat heat exchanger has been used as a decomposer, the 
increased ratio o f surface to volume also can enhance the decomposition rate.
5.1. Development o f single channel model for the baseline design (Case 1)
The CFD analysis of the decomposer (see previous chapter) showed that mass flow 
rate in all channels can be made almost uniform with a proper design o f channel 
manifolds. Therefore, a single-channel model is developed to reduce computational load 
without sacrificing the accuracy calculations. The extraction o f the single channel 
geometry from the large scale design (Figure 5.1) is shown in Figure 5.2 and Figure 5.3. 
Due to the existence o f a symmetry plane, the developed model includes only one half of 
the internal channels (Figure 5.3).
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Figure 5.1. Shell and plate heat exchanger
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Figure 5.2. Extraction of the single channel geometry from the large scale design
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Figure 5.3. Sketeh o f the single channel geometry (baseline design) -  Case 1
Geometry of the model and its associated mesh are created using mesh generator 
Gambit version 2.2 (FLUENT, Ine. [47]). The meshed geometry is shown in Figure 5.4. 
The mesh is refined in the neighborhood o f the interfaces between liquid and solid 
volumes. Studies were performed to investigate dependence of the ealculated parameters 
(pressure, temperature, velocities) on mesh coarseness. After experimenting with several 
mesh densities, the one in Figure 5.4 is selected beeause the results are stable. Further 
reduction o f element sizes does not signifieantly affect the results.
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Figure 5.4. Mesh and computational area for the single channel geometry (163735
nodes 145800 cells)
5.2. Development o f single channel model for alternative designs (Cases 2-6)
To enhanee the thermal performance of the heat exchanger, alternative designs are 
explored. These designs differ from the baseline design only in the geometry o f the 
reacting flow channel. All of the other dimensions are in baseline design. Five designs are 
investigated:
• ehannel with ribbed ground surface, A=0.1 mm (Case 2), Figure 5.5,
•  channel with ribbed ground surface, h=Q.2 mm (Case 3), Figure 5.5,
• ehannel with two hexagonal layers under 50% of layers overlapping (Case 4),
Figure 5.6,
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• channel with two hexagonal layers under 100% of layers overlapping (Case 
5), Figure 5.7,
• channel with two diamond-shaped layers (Case 6 ), Figure 5.8.
The inlet and outlet o f reacting flow channel parts of the alternative designs have 
rectangular shape without the microcomponents (ribs, hexagons or diamonds), to avoid 
backflow in the outlets, and to provide an entrance zone for each channel. The length of 
the inlet and parts is about 1 0 % of the total channel length.
These alternative designs can provide the breakdown o f the thermal and 
hydrodynamic boundary layers to boost the heat transfer. However, these designs may 
produce bigger pressure drop and thermal stresses.
The mesh for the alternative designs is created the same way as for the baseline 
design.
Figure 5.5. Ribbed ground channel -  Cases 2,3
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Figure 5.6. Two hexagonal layers under 50% of layers overlapping -  Case 4
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Figure 5.7. Two hexagonal layers under 100% of layers overlapping -  Case 5
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Figure 5.8. Diamond-shaped channel -  Case 6  
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5.3. Boundary and operating conditions 
In addition to the inlet conditions o f Table 5.1, the boundary conditions on the top, 
bottom, left and right sides are planes o f symmetry. The thermal boundary conditions for 
the front and back sides are adiabatic conditions. Inlet velocity profiles are uniform and 
they were calculated by using area, density and mass flow rate. For outflow conditions, 
the pressure-outlet boundary conditions are used (pressure outlet boundary conditions 
require the specification of a static (gauge) pressure at the outlet boundary; all other flow 
quantities are extrapolated from the interior). The operation pressure is 1.5 MPa.
Table 5.1. Inlet conditions for the three fluid of the heat exchanger
Inlet conditions for He part: 
m =1.409 10"̂  kg/s; r=1223.15K (950°C) 
SI inlet for the reacting flow: 
m = 3.14810'^ kg/s; r=974.9K (701.75°C)
SI inlet for the product flow:
rh = 3.14810'^ kg/s; T=1223.15K (950°C)
5.4. Material properties 
It was assumed that the thermal conductivity, density and specific heat o f the SiC do 
not depend on the temperature significantly. Therefore, the properties are constant. For 
the design temperature range o f (973-1223K), it was selected:
/%/c=3130 kg/m^; C^%c=1200 J/(kg-K); Àsic=40 W/(m-K)
82
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
The gas properties for the flow areas do not depend on temperature significantly also, 
therefore the properties were taken as constants for the areas with mean temperature in 
each area and pressure 1.5 MPa. The gas mix properties for the reacting flow were 
calculated for the component mass concentrations; xwj=0.40815; xso2=0 .3266 ; 
xo2=0.08155; xh2o=0.1S37. The component mass concentrations for the product flow 
were chosen as: xsof=0; xwr=0.6532; xo2=0.1631; x//2o=0.1837. The densities and 
dynamic viscosities of the gas flows are shown in Table 4.1. Table 5.2 shows the 
calculated thermal properties of gases for the flow areas.
Table 5.2. Thermal properties of gases
Parameter Helium
flow
Reacting
flow
Product
flow
Cp, J/(kg-K) 5193 1039.68 926J8
A, W/(m K) 0.152 0.0282 0.0156
5.5. Calculation results 
The Reynolds number calculated based on dh for all of the channels is within range 
(200-900), therefore the laminar flow model was used for the calculations. To check the 
flow pattern in difference cases, the reacting flow stream lines inside the reacting flow 
channels are shown in Figure 5.9. Here, just the flow pattern for the reacting flow channel 
is shown. For the baseline design (Case 1), the stream lines are always parallel to flow 
direction (Y-direction) because o f the rectangular geometry o f the channel. For the other 
cases, the flow patterns are totally changed. In the Case 2, since there are ribs on the
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ground channel, the secondary flows are generated between the ribs. These secondary 
regions can enhance the heat transfer. When the height of the rib is increased (Case 3), 
the secondary flow becomes much stronger. The flow pattern for the hexagonal channels 
(Cases 4, 5) is very complex. There are a lot of swirling flow zones in the cases. Case 5 
has larger maximal velocity than Case 4 because for Case 5, the hexagonal layers are 
1 0 0 % overlapped and the flow area between neighboring hexes are smaller then that for 
Case 4. The flow pattern for Case 6  (diamond shaped channels) is complex as well.
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Figure 5.9. Reacting flow streamlines colored by velocity magnitude, m/s
Although the increased wall surface can be expected to enhance thermal performance, 
it also brings higher friction loss. Table 5.3 shows the pressure drop in the reacting flow
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channel and temperature differences between inlet and outlet in all o f the flow channels 
for the different designs. The pressure drops for the helium and product flows are the 
same for all o f the cases: APne = 12 Pa; APproduct = 125 Pa. The smallest pressure drop has 
the baseline design (Case 1). The largest pressure drop occurs in Case 5. The main reason 
is because the flow area in the case is very small, due to 1 0 0 % overlapping of the 
hexagonal layers. Considering that the acceptable pressure drop limit for the design is 
around 5000 Pa, it can be found that the pressure drops in all of the cases are acceptable. 
From the table, it also can be found that the configuration with diamond shaped charmels 
(Case 6 ) has the largest temperature difference between inlet and outlet for the reacting 
flow channel, therefore the design has the maximal thermal performance.
The heat transfer rates through walls around the channels are shown in the Table 5.4. 
The maximal imbalance of the rates for the channels (difference between leaving and 
incoming heat) is 3%.
The design with diamond shaped channels (Case 6 ) has the maximal area to volume 
ratio for the channel with chemical reactions (Table 5.5). That can be one o f the reasons 
for the highest thermal performance o f the design.
The friction factor /  for the reacting channel, calculated according to Eq. 3.2, depends 
considerably on the configuration o f the reacting channel (Table 5.6). From the table, it 
can be found that although the increased ratio of surface to volume will enhance the heat 
transfer, it also leads to a sizeable friction loss. Witness that the friction factor for Case 5 
is 58 times larger that that in Case 1.
To check the thermal performance of the heat exchanger, the effeetiveness o f the heat 
exchanger is introduced as
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s. =
T - Tin ho! in cold
T - Ton/ in cold
(5.1)
Table 5.6 also shows the effeetiveness o f the heat exchanger for different cases. As 
shown in the table, a high effectiveness of the heat exchanger range from 0.895 to 0 . 9 5 9  
can be found. The reason for the high effectiveness is mainly caused by the large ratio of 
channel length to channel diameter. Although that, there still exist an increased 
effectiveness as compared to baseline design (the maximal increasing is 7.15% for the 
Case 6 ).
Table 5.3. Pressure drop and temperature differences between inlet and outlet o f the flow
channels
Name of case AP in reacting 
flow channel. 
Pa
AT in helium 
flow channel, 
K
AT in reacting 
flow channel, K
AT in product 
flow channel, 
K
Case 1 117.84 -70.00 222.16 -78.28
Case 2 23&59 -75.70 229.48 -86.58
Case 3 56179 -75.70 231.88 -86.91
Case 4 800.89 -79.78 236.13 -89.09
Case 5 3818.35 -80.33 236.64 -91.46
Case 6 1556.83 -80.60 238.17 -92.19
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Table 5.4. Heat transfer rates for the channel walls
Name o f case Wall around helium 
flow channel, W
Wall around reaeting 
flow channel, W
Wall around product 
flow channel, W
Case 1 -0.4937 0.7131 -0.2061
Case 2 -0.5047 0.7467 -0.2378
Case 3 -0.5025 0.7564 -0.2375
Case 4 -0.5138 0.7728 -0.2398
Case 5 -0.5153 0.7753 -0.2402
Case 6 -0.5179 0.7838 -0.2597
Table 5.5. Geometrical parameters
Name o f case Surface area of 
ehemical reaetion, m^
Volume of 
reacting flow, m^
Area/Volume,
m^/m^
Case 1 8.864-10'^ 1.409-10-* 6291
Case 2 9.320 10-5 1.319-10'* 7065
Case 3 9.756-10-5 1.234-10'* 7906
Case 4 1.330-10-'* 1.903-10* 6989
Case 5 1.336-10-" 1.903-10* 7020
Case 6 1.480-10^ 1.736-10* 8525
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Table 5.6. Friction factor and effectiveness
Name of 
case
Friction factor, 
/
Surface area, 
m^
Effectiveness,
8
Effectiveness relative 
to baseline case, %
Case 1 0.151 8.864-10-5 0.895
Case 2 0.304 9.320-10-5 0L9%4 3.24
Case 3 0.724 9.756-10-5 0.934 4.18
Case 4 T851 1.359-10-4 0.951 6.26
Case 5 &824 1.330-10-4 0.953 6.48
Case 6 1598 1.480-10-4 0.959 7.15
The temperature distribution along the reacting flow channel is shown in Figure 5.10. 
From the figure, it is noted that the temperature o f the reacting flow for the hexagonal 
and diamond shape channel (Cases 4-6) increases drastically at the entrance region and 
then increases slightly along the flow channel.
Figure 5.11 shows the local Nusselt number distribution in the inlet part o f the 
reacting flow channel wall for all o f the cases. The Nusselt number is ealculated 
aecording to Eq. (3.3). The bulk temperature in the equation, Tb, is the reference 
temperature (288.16 K). As shown in the figures, the local Nusselt number is much 
higher at the entrance region. For the baseline design, the maximal Nusselt number 
occurs at the channel inlet (Figure 5.11, Case 1). For all of other cases, the maximal 
Nusselt number takes place on the first microcomponent of the channels (rib, hexagon or 
diamond). This is the reason why the temperature in the reacting flow for the alternative
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designs increases more, as compared with the baseline design, starting with the first 
microcomponent (about 10% length from the inlet, see Figure 5.10).
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Figure 5.10. Temperature distribution along the reacting flow
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Figure 5.11. Nusselt number distribution in the channel flow wall
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CHAPTER 6
MODELING OF FLOW WITH CHEMICAL REACTIONS 
The purpose o f this chapter is to calculate the sulfur trioxide decomposition 
percentage in the reacting flow, and investigate possibilities to enhance the 
deeomposition by variations of the geometrical parameters and operating conditions. The 
one layer model is used for the calculations o f the flow with the chemical reaction 
presence. All o f the geometrical parameters in the calculations are the same as in 
previous chapters.
6.1. Geometry and boundary conditions 
The calculation domain and boundaries are shown in Figure 6.1. Table 6.1 shows the 
inlet conditions for the three fluids of the decomposer.
HzO + SOa
Helium Flow (He)
/
Silicon Caifaide IS iC)
HzO+SOj+SOÿtO:
Mixed G as Flow 
with Chemical Reacnons
CataHsttPlatinuml'roduclFI
Figure 6.1. Calculation domain and boundaries 
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Table 6.1. Inlet conditions for the three fluids of the decomposer
Inlet conditions fo r  He part: 
m  =1.409-l(y^ kg/s; T=I223.15K (950 %/).
SI inlet fo r  the reacting flow:
x̂ O; —0.1837.
SI inlet fo r  product flow:
(707.75%:;)/ = 0 / x =0.6552/
Xĝ  =0.7657/ x^  ̂ =0.7^57.
6.2. Material properties 
[15] presents a detailed study o f material properties of SiC. The following equation 
represents the polynomial interpolation for the thermal conductivity versus temperature 
(K) curve for SiC:
1  = 1.94777-10' - 3.606I2-10 ‘-T + 3.30843-I0-'-T'''SiC
- 1.46006- lO-'-T' +2.47588-10“  -T '
(6.1)
On the other hand, density and specific heat of the SiC do not vary significantly as 
temperature changes. Therefore, the properties are assumed to be constant for the 
temperature range of the heat exchanger (973-1223K). These values are: 
psic=3130 kg/m^;
Q,^/c=1200J/(kgK:).
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The properties (density, viscosity, heat capacity, and thermal conductivity) for each of 
the component o f the mix are taken from FLUENT 6.2.16 database (FLUENT, 
Inc.[43]).The mixed gas properties for the flow areas (Figure 6.1) are calculated using 
FLUENT 6.2.16 software (FLUENT, Inc.[43]). The mass fractions for each component 
are calculated using:
(6.2)
The mixture density is calculated as:
r t Y —
(6.3)
The thermal conductivity and molecular viscosity o f the mixture are calculated based 
on kinetic theory as:
(6.4)
X.M, (6.5)
where
] +
8 1 +
M .i /
(6.6)
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The mixture’s specific heat capaeity is calculated as a mass fraction average o f the 
pure species heat capacities:
(6.7)
I
The Chapman-Enskog formula (McGee [48]) has been implemented to compute the 
mass diffusion coefficients using kinetic theory:
D, =0.0188
Pabs îj
is the function o f the quantity T,;, where
(6.8)
{e/kg). ,  for the mixture is the geometric average:
= ^ { s / k g ) X e / k g ) .
For the mixture, ay is calculated as the arithmetic average o f the individual as
(6.9)
(6 .10)
(6 .11)
6.3. Calculation results of the baseline design 
Flow calculations of sulfur trioxide decomposition (SO3—>8 0 2 +0 .5 0 2 ) for the one 
channel geometry with platinum catalyst are performed. SO3 mole fraction is reduced in 
the reacting flow channel. Mole fraction o f SO2 and O2 , respectively, increase along the 
reacting flow direction. Mole fractions o f the reaction products at the outlet o f the
reaction channel are: =0.254-, =0.127. According to the calculations, the molar
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decomposition percentage of the sulfur trioxide (SO3) is 63.8. The mass flow rate o f SO2 
at the outlet is 1.206-10'® kg/s or 60.8 kg/hour for the whole Decomposer 1.
Distribution of SO3 mass fractions is shown in Figure 6.2. Figure 6.3 and Figure 6.4 
show the distributions of SO2 and O2 mass fractions, correspondingly. Inspection o f the 
flow in the reacting flow channel in these three figures confirms the gradual 
decomposition o f SO3 . On the other hand. Figure 6.3 and Figure 6.4 show that the mass 
fractions o f the reaction products (SO2 and O2) are higher near the walls when compared 
to the flow in core area o f the channel since the decomposition reaction occurs only in 
surface areas. This observation leads to the conclusion that a decomposer with complex 
channel geometry may be more efficient in terms of chemical decomposition.
Figure 6.2. Mass fraction of SO3
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Figure 6.3. Mass fraction of SO2
Figure 6.4. Mass fraction of O2
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Because o f the chemical reactions that occur within the reacting flow channel, density 
and veloeity o f the reacting flow are increasing along the flow direction. Figure 6.5 and 
Figure 6 .6 . On the other hand, densities and velocities of the helium and product flows in 
the two other channels that do not experience chemical decomposition are approximately 
constants.
Pressure drops for both reacting and product flow channels are approximately the 
same and o f the order of 129 Pa, Figure 6.7. The figure shows that the pressure drop in 
the helium flow ehannel is o f smaller magnitude than the two other ehannels.
Figure 6.5. Density distribution, kg/m^
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velocity-magnitude
1 3.6
3.2
— 2.8
—
2.4
2
— 1.6
— 1.2
0.6
g 0.40
Figure 6 .6 . Velocity magnitude distribution, m/s
Pressure
Figure 6.7. Static pressure distribution. Pa
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It is observed that temperature in the solid part o f the decomposer changes only in the 
direction o f flow, Figure 6.8, due to the high values of thermal conductivity o f the silicon 
carbide when compared to the thermal conductivities of the fluids. Figure 6.9 and Figure 
6.10. According to these two figures, the thermal conductivity o f decomposer solid part is 
two orders o f magnitude higher than that o f the fluids.
Temperature
Figure 6.8. Static temperature distribution, K
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thermal-cond
Figure 6.9. Thermal conductivity distribution for solid (SiC) region, W/(m-K)
thermal-cond
Figure 6.10. Thermal conductivity distribution for liquid regions, W/(m-K)
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6.4. Parametric study of the baseline design
The calculations for different mass flow rates o f mix flow, chaimel length and 
operation pressures have been performed. Figure 6.11 shows that percentage 
decomposition o f SO3 increases significantly as the mass flow rate o f the reacting flow 
decreases. The result is consistent with the general observation that the slower the flow, 
the longer the residence time. The percentage decomposition o f SO3 also depends on the 
channel length, as shown in Figure 6.12. According to this figure, the decomposition rate 
increases linearly with the increase o f the channel length. Based on the parametric study 
(Figure 6.13), it is found that the percentage o f SO3 decomposition increases significantly 
as the operating pressure o f the reacting flow increases (the mass flow rate was kept the 
same). The reason for the SO3 percentage decomposition increasing is because the 
residence time of the reactant decreases when the operation pressure increases. All o f the 
parametric changes shown in Figure 6.11, Figure 6.12 and Figure 6.13 (mass flow rate, 
channel length and pressure) are all changes to the residence time. According to that. 
Figure 6.14 combines the three figures using residence time as abscissa. All o f the results 
from the parametric study fall under the same line (Figure 6.14). Therefore the high SO3 
conversion is solely the result of the increased residence time.
The variation o f sulfur dioxide production (throughput) o f the baseline design, with 
total mass flow rate o f reacting flow, has been calculated (see Figure 6.15). According to 
the calculations, the sulfur dioxide production increases as the total mass flow rate of 
reacting flow increases, regardless o f the fact that the decomposition percentage of 
sulfuric trioxide decreases as total mass flow rate o f reacting flow increases.
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100
Baseline design and operation conditions
20 -
4E-06 8E-06
Mass flow rate, kg/s
1.2E-05 1.6E-05
Figure 6.11. Percentage decomposition o f SO3 versus different mass flow rates in the
reacting flow
100
Baseline design and operation conditions
0.05 0.15 0.2
Channel length, m
Figure 6.12. Percentage decomposition of SO3 versus channel length
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100
80 -
Baseline design and operation conditions
3 4.5
Operation pressure, MPa
7.5
Figure 6.13. Percentage decomposition of SO3 versus operation pressure
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Figure 6.14. Percentage deeomposition o f SO3 versus residence time
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2.5E-06
2E-06
®1.5E-06
g 1E-06 Baseline design and operating conditions
5E-07
I 8E-06 1.2E-05 1.6E-05
Total mass flow rate, kg/s
4E-06 2E-05
Figure 6.15. Sulfur dioxide mass flow rate at the output o f reacting flow channel 
(throughput) vs. total reacting flow mass flow rate.
6.5. Calculation results o f the alternative designs and comparison with baseline design
results
The geometries o f the five alternative designs are shown in Figure 5.5, Figure 5.6, 
Figure 5.7, Figure 5.8 (channel with ribbed ground surface, h=0.1 mm (Case 2), channel 
with ribbed ground surface, h=0.2 mm (Case 3), channel with two hexagonal layers under 
50% o f layers overlapping (Case 4), channel with two hexagonal layers under 100% of 
layers overlapping (Case 5), channel with two diamond-shaped layers (Case 6 )).
According to the data from Table 6.2, SO3 decomposition percentage in the channels 
with ribbed ground does not increase significantly as compared with the baseline design, 
as this design creates stagnation zones between the ribs, which prevent moving products 
o f the chemical reaction in the main direction o f flow. On the other hand, the percentage
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o f SO3 decomposition for the channels with hexagonal and diamond layers is 
significantly higher (20-25%) than that in the baseline design. The highest decomposition 
rate is obtained for the geometry with diamond shaped channels. These results may show 
that the ratio o f surface o f chemical reaction to the volume of reacting flow can be used 
to predict the percentage o f SO3 deeomposition, when ehannels have no ribs. This 
observation can be used as a basis for future channel designs.
Pressure drop for the five alternative designs increase significantly when compared 
with baseline design (see Table 6.2). However, the even the case with highest pressure 
(hexagons - 100% overlap) is still within the 10 kPa design limits o f the decomposer 
pressure drop.
Table 6.2. Results o f calculations for baseline and alternative designs
Name of ease Area/Volume,
m^/m^
Percentage of SO3 
deeomposition, %
Pressure drop. Pa
Straight channels 
(Case 1)
6291 63.8 128.7
Ribs - 0.1 mm 
(Case 2)
7065 64.3 240.8
Ribs - 0.2 mm 
(Case 3)
7906 65.6 573.2
Hexagons - 50% 
overlap (Case 4)
6989 76.3 802.4
Hexagons -100%  
overlap (Case 5)
7141 77.7 3815.8
Diamonds (Case 6 ) 8525 80.0 1570.3
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CHAPTER 7
CONCLUSIONS AND RECOMMENDATIONS
7.1. Conclusions
The detailed three-dimensional computational fluid dynamics (CFD) analysis on fluid 
flow, heat transfer and ehemical reaction o f the high temperature heat exehanger and 
decomposer are provided in this study. The computational model used for the analysis 
was validated by comparison with the experimental and calculation results o f other 
researehers.
The baseline designs o f the heat exehanger and decomposer have been investigated. It 
was found that the flow maldistribution in the internal channels of the heat exchanger and 
decomposer is very serious in the reaction flow and product flow parts, and even reverse 
flow oeeur due to the improper inlet and outlet manifolds configurations. Therefore, the 
baseline supply channel eonfiguration is not appropriate and some improvements o f the 
geometry are required.
Three improved plate and manifold designs o f the heat exchanger and deeomposer 
have been proposed and investigated. The flow caleulations in the improved designs 
show that they have more uniform flow rate distribution among the ehannels than that for 
the baseline design. The most preferable design is in Case D beeause the design has a 
small nonuniformity parameter and smallest overall pressure drop. Also, the design with 
hexagonal channels looks very promising because it has the most uniform flow rate
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distribution among the ehannels (veloeity misbalanees for all o f the channels at the 
midsection o f the ehannels are not larger than 3%) and minimal overall pressure drop 
(2.22 kPa). Besides, the hexagonal ehannels ean intensify heat transfer in the decomposer 
and, thereby, inerease chemieal deeomposition rate.
Parametrie study o f the four different plate configurations, the heat exchanger and 
decomposer, showed that Reynolds number influences the flow nonuniformity for all of 
the investigated four eonfigurations differently: the highest influence takes place for Case 
C and Case D; for the Case A flow, maldistribution inereases with Re increasing. Case B 
and Case C have lower peaks for the dependence; for the Case D flow maldistribution 
decreases with Re increasing.
Effects o f using various channel geometries o f the heat exchanger and decomposer on 
the thermal performanee and pressure drop have been studied. Several different 
geometries o f the heat exchanger ehannels, such as straight channels, ribbed ground 
ehannels, hexagonal channels, and diamond-shaped channels are examined. The baseline 
design (straight channels) has 89.5% thermal effieiency. The alternative designs can 
enhance the effieiency up to 95.9% (for the diamond-shaped channel design). The price 
for the effieiency increasing is more complex ehannels geometry and increasing of 
channels pressure drop. For example, for the diamond-shaped channel design, the 
pressure drop inerease is 13.2 times in comparison with baseline design. But such 
pressure increases eould be acceptable if  the pressure drop is within design limits.
Hydrodynamics and thermal numerical modeling coupled with sulfur trioxide 
decomposition o f the decomposer with straight channels (baseline design) is performed. 
The maximal pressure drop for the channels is 129 Pa. Considering that the allowable
1 1 1
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pressure drop limit for the design is around 5000 Pa, it can be found that the pressure 
drops are acceptable. The molar SO3 decomposition percentage for the design is 64%. 
Results show that decomposition percentage ean be increased significantly with by 
reducing reactants mass flow rate and by increasing channel length and operation 
pressure. The reason is because all o f the ehanges lead to residence time increase.
The sulfur dioxide production (throughput) increases as the total mass flow rate of 
reacting flow increases, regardless o f the fact that the decomposition percentage o f 
sulfurie trioxide decreases as total mass flow rate o f reaeting flow increases.
Five alternative geometries o f the decomposer channel are investigated: two types of 
ribbed ground channels, two types o f hexagonal channels, and the diamond-shaped 
channel. Ribbed ground channels provided minimal increase o f the decomposition rate. 
The hexagonal and diamond-shaped channels provided better deeomposition rates, with 
the best results obtained in the case o f diamond-shaped channels. Additionally, the five 
alternate designs have higher pressure drop when compared with baseline design.
The alternative designs (espeeially diamond-shaped channel) have higher surfaee 
areas o f the reacting channel as compared with the baseline design, therefore the 
chemical decomposition of the surface reaction could be higher for the alternative 
designs.
7.2. Reeommendations for future research 
Silicon carbide is the only solid material studied in the work. There are still some 
other ceramie materials or corrosion and high temperature resistant superalloys whieh 
could be used in an effort to find the most suitable design for the heat exehanger and
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decomposer. Also, some other fluids, besides helium, liquid salts for example, could be 
used as heating fluids for the process. The calculation of the processes with different 
solid materials and heating fluids would be an interesting topic for future research.
In the current study, the computational model has been applied only to the sulfurie 
acid decomposition part o f the sulfur-iodine water splitting cycle. In the future, the 
models o f other parts o f the cycle, such as hydrogen iodide decomposition or hydrogen 
iodide formation parts, still need to be studied to aeeurately predict the performance for 
the whole cycle.
Arrhenius constants, namely activation energy and pre-exponential factors, used to 
model the catalytic sulfur trioxide decomposition have been obtained by processing data 
from experiments completed in catalytic bed decomposers. The constants, especially pre­
exponential factor, would be more appropriate for the model if  they are obtained 
experimentally for the exact geometry used for the calculations. So, experimental 
evaluation o f the Arrhenius constant for the flow in micro channels could be an important 
topic for future research.
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APPENDIX I
ARRHENIUS CONSTANTS CALCULATION 
The rate equation for the decomposition o f sulfur trioxide (SO3) is:
Rrxn~KCs03~K(l- C s02)~K (l-X) (LI)
According to Hougen and Watson [49] for steady state flow systems:
(1.2)
where F  -  mass flow rate, W - mass of catalyst.
Integration:
where Sv=FyV  -  space velocity, Fv-volumetric flow rate, V -  catalyst volume, /%- 
bulk density of catalyst, density of feed.
Combining (1.1) and (1.3):
±Pj^Jc___dX—
After integration:
(1.5)
After substitution to Arrhenius equation (2.10):
ln(-ln(l -X)) =-Ec/RT-ln(Sv(p/pB)/A) (1.6)
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Temperature dependent sulfur trioxide decomposition percentage, obtained by 
Ginosar [12], is shown in Figure 1.1. After double integration according to Eq. 1.6 the 
experimental results can be represented as shown in Figure 1.2.
The Eq. 1.6 can be written as:
y=ax+b (1 .7 )
where _y= ln(-ln(l-X)), a=-Ea/R, x =1 /T \  b^-ln(Sv(p/pB)/A).
The linear approximation for the results with 1 wt % Pt catalyst is shown in Figure
1.3. The linear approximation for the results with 0.1 wt % Pt catalyst is shown in Figure
1.4.
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Figure 1.1. Temperature dependent catalyst activity between 725 and 900 °C (Ginosar
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Figure 1.3. Linear approximation for 1 wt % Pt catalyst
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Figure 1.4. Linear approximation for 0.1 wt % Pt eatalyst
Using the approximations from Figure 1.3 and Figure 1.4 and the Eq. 1.6, and Eq. 1.7, 
the Arrhenius constants for the 1 wt % Pt eatalyst pre-exponential factor are:v4 = 0.16 1/s, 
£a=32.67 kJ/mol; for the 0.1 wt % Pt eatalyst pre-exponential factor A = 1.14 1/s. 
Ea=46.24 kJ/mol.
117
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
APPENDIX II
FLUENT/ANSYS THERMAL COUPLING 
FLUENT, Inc. has developed a user-defined function (UDF) for coupling FLUENT 
and ANSYS for thermal stress analysis. FLUENT is used to solve for the flow and 
thermal analysis in fluid and solid zones. The temperature data o f the solid region is then 
supplied to ANSYS as the thermal load profile for the thermal stress analysis.
Because the FLUENT mesh is typically much finer than the ANSYS mesh, it is 
necessary to interpolate, or map, the FLUENT results to the ANSYS mesh. The mapping 
is accomplished through FLUENT’s UDF.
Algorithm of FLUENT/ANSYS thermal coupling:
• solve the case in FLUENT;
• read the scheme file and compiled UDF;
• read the ANSYS ASCII format mesh; the FLUENT UDF will use import
filters to read the nodes, elements and cormectivity from the ANSYS mesh;
• for each ANSYS node/element, find the closest solution location in the
FLUENT mesh; a binary space partitioning (BSP) tree is used to find the
closest node; the BSP tree works by recursively subdividing the space 
containing the geometry, making fast geometric searching possible; an 
example is shown in Figure II. 1(a) (goal: find the point on the curved line
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which is closest to the blue point); the BSP tree for this geometry is shown in 
Figure 11.1(b);
• interpolate from the closest node
• export the results in format suitable for ANSYS.
Figure ILL Linear binary space partitioning (Sung and Shirley [50])
The accuracy o f thermal data mapping from FLUENT to ANSYS has been validated. 
A ceramic brick with dimensions 50 m m xl mmxl mm is shown in Figure II.2 and Figure
II.3 .Figure II.2 shows the fine mesh which is used for the temperature distribution 
calculations by FLUENT. The temperature distribution, calculated by FLUENT, is shown 
in Figure II.4. The calculated temperature has been transferred to the ANSYS rough mesh 
(Figure II.3) using the UDF functions. The comparison of the temperature distribution 
along to x-direction for the FLUENT fine mesh and the ANSYS rough mesh is shown in
119
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Figure II.5. The maximal difference in the temperatures is less than 0.5% which proves 
that the used FLUENT/ANSYS thermal coupling method works properly.
5 0
1 mm
Figure II.2. Brick with fine mesh (8000 cells, 9801 nodes)
1 mm5 0
1 mm
Figure II.3. Brick with rough mesh (1000 cells, 1476 nodes)
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Temperature
Figure II.4. Temperature distribution, K
ANSYS (rough mesh) 
Fluent (fine mesh)
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Figure II.5. Temperature distribution along to x-direction, K
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APPENDIX III
CHEMICAL REACTION MODELING IN PEBBLE BED ZONE 
Porous media approach has been used to calculate flow parameters in the pebble bed 
region. The calculation geometry and dimensions are shown in Figure III.l. The 
dimensions are the same as those in the Ginosar [12] experiments in the sulfur trioxide 
decomposition region. The computation mesh has refinement in the porous media zone 
(Figure III.2).
£
iO
il
^  0.1 m ^ ^  0 .1  m ^ ^  0.1 m ^
Figure III.l. Dimensions
Wall
Inlet Outlet
Porous media zone with chemical reactkin
Figure III.2. Boundaries and mesh (4200, 4496 nodes)
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Operational and boundary conditions:
Wall temperature = 1123.15 K;
Operating pressure 1 atm;
Re=90.
Inlet conditions: m=50 g/hour; T=873.15 K; =0.8163; =0;
^«20 =0.1837; = 0.
Because o f the flow Reynolds number equals 90 the fluid flow within the investigated 
geometry is assumed to be laminar. The flow in the region is modeled by the addition of 
momentum source term to the standard fluid flow equations. The governing equations for 
continuity, energy and species transport are the same as shown in CHAPTER 2.
The momentum equation is the following:
du k
aw,dw. aw
The source term S', has viscous loss term and inertial loss terms:
c+ 5, (III.l)
S, = - ^  (III.2)
where a  is the permeability and C; is the internal resistance factor.
Darcy’s law is applied for the porous media model. The inertial and viscous 
resistance coefficients are found out using expressions from Nield and Bejan [51]:
 ̂ S 1 — £
C , = - ------ 7 ^  (III.3)
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Considering the assumption o f the pellets uniform packing, the porosity o f the 
chemical reaction region, Sp, is obtained equal 0.476.
According to the equations:
C2  = 3401 m '.
Viscous resistance = l/a=  1.5T07 m'^.
The surface area is 0.03 m^.
The surface-to-volume ratio o f the porous zone is 4000 m ''.
The surface-to-volume ratio is applied to the porous zone region where the chemical 
reaction (8 0 3 ^ 8 0 2 +0 .5 0 2 ) is tacking place.
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